The glycophosphatidylinositol (GPI) anchors of proteins expressed on human erythrocytes and nucleated cells differ with respect to acylation of an inositol hydroxyl group, a structural feature that modulates their cleavability by PI-specific phospholipase C (PI-PLC). To determine how this GPI anchor modification is regulated, the precursor and protein-associated GPIs in two K562 cell transfectants (ATCC and .48) exhibiting alternatively PI-PLC-sensitive and resistant surface proteins were analyzed and the temporal relationship between GPI protein transfer and acquisition of PI-PLC sensitivity was determined. Nondenaturing PAGE analyses demonstrated that, whereas in .48 transfectants the GPI anchors in decay accelerating factor (DAF) and placental alkaline phosphatase (PLAP) were >95% acylated, in ATCC transfectants, they were 60 and 33% unsubstituted, respectively. In contrast, TLC analyses revealed that putative GPI donors in the two lines were identical and were >95% acylated. Studies of de novo DAF biosynthesis in HeLa cells bearing proteins with >90% unacylated anchors showed that within 5 min at 37°C (or at 18°C, which does not permit endoplasmic reticilum exit), >50% of the anchor in nascent 44-kDa proDAF protein exhibited PI-PLC sensitivity. In vitro analyses of the microsomal processing of miniPLAP, a truncated PLAP reporter protein, demonstrated that the anchor donor initially transferred to prominiPLAP was acylated and then progressively was deacylated. These findings indicate that (i) the anchor moiety that initially transfers to nascent proteins is acylated, (ii) inositol acylation in mature surface proteins is regulated via posttransfer deacylation, which in general is cell-specific but also can be proteindependent, and (iii) deacylation occurs in the endoplasmic reticulum immediately after GPI transfer.
A characteristic of surface proteins that are membraneanchored by glycophosphatidylinositol (GPI) structures is that they can be cleaved from cells by PI-specific phospholipase C (PI-PLC)(reviewed in refs. 1 and 2). Only 5-15% of acetylcholinesterase (3), decay accelerating factor (DAF) (4-7), LFA-3, and CD59 (8-10) expressed on human erythrocytes, however, are PI-PLC cleavable either in situ (4, 6, 7) or after purification (4) (5) (6) . In contrast, Ϸ90% of these and other GPI-anchored proteins on most nucleated cells are cleaved by the enzyme (5, 6) . Structural analyses of the human erythrocyte protein anchors have shown that their PI-PLC resistance is due to acylation (C14:0) of an inositol hydroxyl group (5, 11, 12) . Analyses of DAF and CD59 on several leukocyte types similarly have shown that the residual 5-10% of molecules that resist PI-PLC cleavage possess GPI anchors containing acylated inositol (5, 10) . These findings have raised the question of how GPI anchor acylation is regulated and at what site in cells this control is effected.
Unlike mammalian GPI-anchored proteins, variant surface glycoproteins, the major coat protein of Trypanosoma brucei (Tryp) (when purified) exhibit Ͼ99% PI-PLC sensitivity. Accordingly, intracellular GPI precursors in these organisms are predominantly unacylated (13, 14) and an unacylated GPI donor, termed AЈ, transfers to nascent variant surface glycoprotein polypeptides (15) . In contrast, in mammalian cells intracellular GPIs contain predominantly acylated inositol (16) (17) (18) (19) (20) (21) and it remains unclear whether an acylated GPI precursor serves as the donor moiety and whether this donor differs in cells with PI-PLC-sensitive and resistant surface proteins. In previous studies (22) , fusions of murine lymphoma cells bearing surface Thy-1 protein with an unacylated GPI anchor to L929 cells bearing Ly-6 protein with an acylated anchor yielded cells bearing both surface proteins with unacylated GPI anchors, arguing that a deacylation reaction occurs sometime during biosynthesis. Three possibilities therefore exist: (i) deacylation occurs before protein addition, (ii) deacylation occurs in association with or immediately after protein addition, or (iii) deacylation occurs later in protein processing after transit out of the endoplasmic reticulum (ER).
In the present study, the nature of the reaction that regulates inositol acylation of mammalian GPI-anchored surface proteins was investigated. Placental alkaline phosphatase (PLAP) transfectants of two sublines of human leukemic K562 cells (K562ATCC and .48 subline) (ref. 23, see Discussion) found to alternatively express DAF proteins with unsubstituted and acylated GPI structures were compared with respect to (i) the GPI anchors of their surface proteins and (ii) their intercellular GPI precursors. The HeLa cell line that expresses large amounts of (Ͼ90%) PI-PLC-sensitive proteins then was used (i) in protein biosynthetic studies in vivo, and (ii) as a source of microsomes for in vitro microsomal processing analyses of miniPLAP, an engineered PLAP reporter protein, to assess the roles of GPI donors and of subsequent posttranslational processing steps in conferring the differences in GPI anchor acylation of the expressed mammalian surface proteins.
M. Low (Columbia University, New York), and REP3 provided by M. Tykocinski (Case Western Reserve University, Cleveland, OH).
PI-PLC digestion analyses. Assays were performed (4, 24) using 10 6 cells in 25 l of PBS containing sequentially diluted PI-PLC (400 units͞ml) and 37°C incubations for 1 hr. Washed cells were stained with anti-DAF, anti-PLAP, anti-CD59, or corresponding nonrelevant mAbs (5 g͞ml each) followed by fluorescein isothiocyanate-anti-murine or rat IgG.
Transfections, Labeling, and Affinity Purifications. PLAP cDNA (27) [excised from pBT (Stratagene) with XbaI and XhoI] was inserted into the NheI and XhoI sites of REP3. Transfections were carried out as described (29) .
Transfectants (10 8 ) were surface-labeled with 2 mCi 125 I (1 Ci ϭ 37 GBq) and extracted at 37°C as described (10) . Labeled proteins precipitated with 50 l of IA10-, D10-, and BSASepharose were eluted with 500 l of 0.05 M diethylamine (pH 11.5), 0.14 M of NaCl containing 0.2% Triton X-100, dialyzed, and concentrated to 50 l. In some experiments, affinity purified DAF and PLAP from unlabeled cells were radiomethylated with [ 14 C]CHO (40 Ci͞mol) and NaCNBH 3 (30) .
Deacylation of Inositol and Nondenaturing (ND)-PAGE Analyses. Labeled proteins were incubated overnight on ice either with 1 M of hydroxylamine hydrochloride, 0.1 M of triethylamine (pH 10.7), or with 0.1 M of Tris⅐HCl (pH 7.4), and after dialysis and reconcentration to 50 l, further incubated at 37°C for 60 min with 25 l of 1:50 PI-PLC in PBS or PBS alone (5) . Reaction products (10 l) were electrophoresed (5) on 7.5% ND-PAGE gels containing 8 M urea and 0.5% Triton X-100 detergent in an LKB Multiphor II unit.
Analyses of Intracellular GPIs. Cells (2 ϫ 10 7 ) were labeled with D-[2-3 H]mannose (250 Ci) for 2 hr at 37°C and Tryp lysates with GDP-[ 3 H]mannose for 90 min at 37°C as described (31) . Labeled cells or lysates were extracted with chloroform: methanol:water (10:10:3), and lipid species that partitioned into butanol were resolved on Silica Gel 60 TLC plates with chloroform:methanol:water (10:10:3) and scanned as described (31) .
Analyses of de Novo Synthesized DAF Protein. Semiconfluent (60-70%) HeLa cell monolayers were preincubated for 1 hr with cysteine-and methionine-free RPMI 1640 medium containing 10% dialyzed fetal bovine serum, [ 35 S]C (100 Ci; Amersham) added, and the plates were either labeled continuously at 37°C (4) or pulsed for 5 min at 37°C and chased at 18°C. At the specified times, medium was aspirated and the cells extracted with boiling 2% SDS. DAF proteins purified as described (4) were concentrated to 50 l and incubated at 37°C for 4 hr with 1:50 PI-PLC on buffer control. Treated proteins were partitioned in 100 l of 2% TX-114 detergent, immunoprecipitated from the aqueous and detergent phases, and analyzed on 7.5% non-reduced gels treated with Enhance (DuPont).
Cotranslational Processing Studies of MiniPLAP. Rough microsomal membranes (RM) were prepared, cotranslational processing with rabbit reticulocyte lysate carried out at 30°C, and products analyzed on 15% SDS͞PAGE gels as described (28) . For PI-PLC digestions, 100 l of incubated cotranslation mix was centrifuged through a 100 l cushion of 500 mM sucrose in 50 mM triethanolamine buffer (pH 7.5), in a TLA-100 rotor. The pellet, dissolved in 5 l of 0.5% Triton X-100 and resuspended to 50 l in 50 mM of Tris (pH 7.4), was incubated for 4 hr at 37°C with 1:50 PI-PLC. In some experiments, the pellet dissolved in 5 l of 0.5% Triton X-100 was alternatively incubated overnight on ice in 50 l of 50 mM of Tris (pH 7.4) or 50 mM of Tris, 1 M of hydroxylamine, pH 10.7. After dialysis against 50 mM Tris (pH 7.5) containing 0.1% Triton X-100, products then were subjected to PI-PLC digestions.
For TX-114 fractionations, the pellet of 100 l of incubated reaction mix was resuspended in 50 l of 50 mM Tris (pH 7.5) containing 2% TX-114 detergent at 0°C. After warming to 37°C for 5 min, the mixture was centrifuged at 14,000 rpm in a microfuge and the phases separated. After repeat partitioning of each phase twice, immunoprecipitated miniPLAP proteins from the aqueous and detergent phases were analyzed by SDS͞PAGE͞autoradiography.
RESULTS

GPI Anchors of DAF and Transfected PLAP Proteins
Expressed on K562 ATCC and .48 Lines. In initial studies, ATCC and .48 cells were compared with respect to their endogenous DAF proteins. As seen in Fig. 1A , upon incubation of the ATCC subline with increasing concentrations of PI-PLC, increasing proportions of DAF were released reaching 63% at a 1:800 dilution (0.5 units͞ml) of the enzyme. In four repeat experiments, almost identical release was observed (see Discussion). In contrast, after similar treatment of the .48 subline, Ͻ5% of DAF was released even when the PI-PLC concentration was further augmented to 8 units͞ml (not shown).
Alkaline hydroxylamine treatment deacylates inositol and renders acylated-GPI anchors susceptible to PI-PLC cleavage (32) . To verify that the differences in DAF release from the ATCC and .48 sublines reflected differences in inositol acylation, the cells were 125 I-surface-labeled. Aliquots of affinitypurified labeled DAF protein then were treated with buffer or with alkaline͞hydroxylamine, the treated samples incubated with PI-PLC, and the products of each reaction analyzed by ND-PAGE and densitometry. With this technique, molecules bearing unacylated anchors are cleaved and migrate rapidly. In contrast, detergent-associated molecules bearing acylated anchors migrate slowly but if inositol first is deacylated, these molecules behave similarly to unacylated molecules. In the case of both sublines, the proportions of [ 125 I]DAF exhibiting rapid migration after treatment by PI-PLC alone corresponded to the proportions of DAF proteins released from the cell surface by the enzyme [not shown (see Table 1 below)]. The residual slowly migrating DAF proteins that remained detergent-associated were rendered PI-PLC-sensitive by alkaline hydroxylamine pretreatment, indicative of inositol acylation.
Preliminary to studies with transfected PLAP proteins, the GPI anchor of PLAP as it is expressed in situ was analyzed. Accordingly, purified (postsurgical) placental PLAP (33) was [ 14 C]-radiomethylated and the labeled protein assayed as above by ND-PAGE. Because under nondenaturing conditions, PLAP is able to multimerize (34, 35) , experiments were conducted on gels prepared in 8 M urea. Densitometric analyses of autoradiographs (Fig. 1B and Table 1 ) showed that 91% of the sample treated with PI-PLC alone (Fig. 1B, lane 2) and the remaining 9% treated first with hydroxylamine and then with PI-PLC (Fig. 1B, lane 4) migrated as hydrophilic proteins. The analyses thus indicated that, in situ in placental tissue, Ͼ90% of PLAP molecules contain GPI anchors with unacylated inositol.
PLAP proteins on PLAP͞ATCC and .48 cell transfectants next were analyzed. By fluorescence activated cell sorting, the transfectants (designated KAPLAPa and K48PLAP) exhibited equivalent surface PLAP levels. As shown in Table 1 , similarly to DAF in the .48 line, Ͼ95% of PI-PLC-treated PLAP purified from K48PLAP cells remained detergentassociated but when pretreated with hydroxylamine, all of the protein migrated as a hydrophilic protein indicative of inositol acylation. In contrast, as observed with DAF in the KAPLAPa transfectant (Table 1 , 60.3% release), a portion of PLAP, in this case 30.1%, was released after treatment with PI-PLC alone. When pretreated with hydroxylamine and then PI-PLC, the remaining 69.9% was released.
In view of the differences in unsubstituted inositol of PLAP and DAF (Ϸ30 vs. Ϸ60%) in KAPLAPa cells, additional control experiments with ATCC cells were conducted: The results are given in Table 1 Intracellular GPI Species and de Novo Synthesized GPI Anchored Proteins. To determine if the differences in GPI anchor acylation of ATCC and .48 cell surface proteins related to differences in their GPI precursors, [ 3 H]mannose-labeled GPI intermediates in the two lines were compared. As shown in Fig. 2B and C, products corresponding in TLC mobilities to dolichol-phosphoryl-mannose and previously characterized H2-H8 (Fig. 2 A) were identifiable in both cell lines. The amounts of each intermediate in the two lines were similar, no products were unique to either line, and the fully assembled putative donor(s) H7 and H8, were roughly comparable.
To assess the extent of inositol acylation of H7 and H8 in the two lines, labeled GPIs synthesized by each line and generated with Tryp control lysates were incubated alternatively with buffer or PI-PLC and the products examined by TLC. Under conditions in which 97% of the fully-assembled Tryp donor AЈ was cleaved, 5.1 Ϯ 2.7 of H8 in ATCC cells vs. 3.6% of H8 in .48 cells was cleaved. Similar results (Յ5.3% cleavage) were obtained for H7.
Based on the essential equivalency of the putative donors in the two lines, the anchor structures in de novo synthesized GPI-anchored protein next were analyzed. For this analysis, DAF was studied because proDAF (44 kDa) is easily distinguishable from a 70-kDa mature (O-glycosylated) surface DAF. HeLa cells were used because they express Ͼ10 5 DAF molecules͞cell with Ͼ90% unacylated GPI anchors (5) . Cells were labeled with [ 35 S]C for 5 or 15 min, [
35 S]C-labeled DAF polypeptides isolated by affinity chromatography, and the purified proteins treated alternatively with buffer or PI-PLC. The treated samples then were partitioned in TX-114, and the organic and aqueous phases of each sample analyzed by SDS͞PAGE autoradiography. As shown in Fig. 3 , at 5 and 15 min of labeling 56.3% and 81.3%, respectively, of the 44 kDa proDAF protein exhibited sensitivity to PI-PLC indicative of deacylation occurring before arrival in the Golgi. To verify that the reaction was localized in the ER, a pulse chase analysis was done in which cells were pulsed for 5 min at 37°C and then chased with unlabeled C at 18°C, a temperature that does not permit exit from the ER. As observed with the continuous labeling, Ͼ60% of the 44-kDa proDAF exhibited PI-PLC sensitivity at 20 min of 18°C chase.
Transfer of GPI Donors to Nascent Polypeptides. In view of the finding of unacylated 44-kDa proDAF in HeLa cells, studies next were done to determine if inositol deacylation occurs before, during, or after anchor transfer to protein. For this analysis, the miniPLAP in vitro translation system, which allows direct analysis of the C-terminal GPI substitution reaction, was employed. In this system, N-terminal processing of the 28.0-kDa preprominiPLAP-the miniPLAP mRNA translation product-yields 27.0-kDa prominiPLAP, and Cterminal processing of this N-terminally processed intermediate yields 24.7-kDa ''mature miniPLAP. '' Initial studies examined 24.7-kDa mature miniPLAP generated after 90 min in the presence of ATCC or .48 cell microsomes. As seen in Fig. 4A , although PI-PLC alone (1998) cleaved Ϸ60% of the ATCC microsome-generated product (resulting in an upward shift in mobility), no PI-PLC cleavage of the .48 microsome-generated product occurred without hydroxylamine-pretreatment. To verify that the upwardshifted band at Ϸ25 kDa represented PI-PLC-cleaved miniPLAP, TX-114 partitioning was performed. Anti-PLAP immunoprecipitates of the aqueous and detergent phases of (i) buffer and (ii) hydroxylamine and PI-PLC-treated samples of a 90 min reaction mixture are shown in Fig. 4B . Whereas the 24.7-kDa miniPLAP in the buffer-treated sample partitioned with the detergent phase, the 25-kDa miniPLAP in the hydroxylamine and PI-PLC-treated sample partitioned in the aqueous phase.
To examine the inositol phospholipid in 24.7-kDa mature miniPLAP as a function of the time of its production, microsomes from HeLa cells that produce high levels of unacylated GPI-anchored surface proteins (5) were used. As seen from the data in Fig. 4C and from densitometry measurements in Fig. 4D , the inositol phospholipid in the initial proteinassociated product was resistant to PI-PLC and then progressively was rendered sensitive to PI-PLC. The results thus indicated that the GPI donor that initially transfers to nascent polypeptides is a ''three lipid structure'' bearing acylated inositol. This unit subsequently is deacylated.
DISCUSSION
In this study the GPI anchors of PLAP proteins expressed by two K562 lines differing in acylation of the GPI anchors in their endogenous surface proteins were examined. Findings that deacylation of inositol in the PLAP GPI anchor paralleled but did not precisely correspond to that of other proteins argue that this structural feature is in general regulated in a global fashion but also can be protein dependent. Observations that the putative GPI donors synthesized intracellularly in the two cell lines were Ն95% acylated but that the GPI anchors in newly synthesized proproteins were unsubstituted indicate that this regulation involves deacylation that is effected in the course of anchor transfer to protein. In vitro analyses of the kinetics of anchor attachment and of acquisition of PI-PLC sensitivity using microsomes from cells exhibiting PI-PLCsensitive proteins showed that the anchor donor initially transfers with acylated inositol and subsequently is deacylated. Correlation of the in vitro processing data with in vivo biosynthetic findings that deacylation of proDAF is 50% complete within 5 min and proceeds at 18°C established that the enzymatic activity responsible for inositol deacylation is localized in the ER.
K562 cells (36) correspond phenotypically to an erythroleukemic blast. They can be induced by butyrate (37) to differentiate further toward red cells. The K562.48 subline (23) expresses more hemoglobin and glycophorin than the original ATCC subline, suggesting that it is further differentiated along the erythroid pathway. Because acylation of anchor inositol similar to that in endogenous human erythrocyte DAF is seen in K562.48 DAF and not in K562 ATCC DAF (Fig. 1 A) , this anchor modification may result from a decrease in enzyme expression accompanying transition of erythroid progenitors to mature human erythrocytes. Table 1 ). This in situ value is similar to the Ͼ90% release found when PLAP labeled with [ 3 H]stearic acid in JEG-3 cells (38) or PLAP transfected in HeLa cells (39) was treated with PI-PLC. Our finding that PLAP expressed in the K48PLAP transfectant differed from placental, JEG-3 or HeLa cell PLAP in that its GPI anchor was Ͼ95% acylated establishes that cell-specific processing primarily regulates GPI anchor inositol acylation. The accompanying result that in KAPLAPa͞b transfectants up to 37% of the PLAP molecules exhibited PI-PLC sensitivity further substantiates this interpretation. The finding that different proportions (30-60%) of PLAP, DAF, and CD59 molecules exhibited behavior indicative of unacylated inositol supports the proposition that protein-specific factors can also play a role. In previous studies, it was found that 65% of acetylcholinesterase molecules (40) and that 71% of transfected CD8⅐DAF molecules on K562 ATCC cells are releasable by PI-PLC (29) . Although it cannot be excluded that the apparent lesser proportion of PLAP molecules with unacylated inositol observed with KAPLAP transfectants could be artificially low, the previous results with JEG-3 and HeLa cell PLAP (38, 39) and the demonstration in this study that Ͼ90% of PLAP isolated from placental cells exhibited PI-PLC release under identical conditions strongly argue that the difference is cell dependent and not due to any unusual property; e.g., enzyme inaccessibility of this protein.
In view of our findings that deacylation occurs after anchor addition to protein (see below), it is plausible that protein structure could influence reaction efficiency of the deacylation enzyme.
Our characterization of intracellular precursors in the ATCC and .48 lines revealed that they were identical and were Ն 95% acylated. No distinctive PI-PLC-sensitive species was identifiable in the PI-PLC-sensitive ATCC line. In mammalian cells, two acyl inositol-containing terminal precursors H7 and H8 (that differ with respect to the absence or presence of an ethanolamine-phosphate on mannose 2) (17, 20, 21) (1998) can serve as donors. The results of our kinetic studies with the miniPLAP in vitro translation system, showing that the initially transferred anchor donor contained acylated inositol, as in free H7 and H8, do not exclude the possibility that small amounts of GPI precursors containing unacylated inositol, if present, might also be able to transfer to nascent polypeptides. The findings from our in vivo studies of de novo DAF biosynthesis that the deacylase enzyme was located in the ER and that 44 kDa proDAF was 56% deacylated within as little as 5 min establish that inositol deacylation reaction occurs immediately after anchor transfer. The cellular machinery that provides for transfer of fullyassembled GPIs to nascent polypeptides is a subject of current investigation. The transfer reaction has been shown to consist of a transamidation (41) and there is evidence that the GPI donor is an essential component in the reaction (42) . At least two factors termed Gaa1p (43) and Gpi8p (44) are known to be involved, and studies in a human K562 cell mutant (45) have shown that defective transamidation (46) results from mutation of GPI8 (47) . Our finding that in human cells deacylation occurs after anchor transfer favors the proposal that these reactions are mediated by separate factors (see Fig. 5 ). It alternatively is possible that deacylation may occur as part of a concerted stepwise reaction mediated by a multiprotein enzyme complex.
